series of words, followed by a recognition memory test incorporating confidence judgments. The 159 encoding task was either performed on its own, or while TMS was applied to one of two sites of 160 experimental interest (left or right anterior IFG) or a control site (the vertex). These TMS 161 conditions were administered in different task blocks, with pulses delivered randomly at the three 162 time points within each block. We chose this design to assess both specific and nonspecific 163 effects of TMS. Applying TMS is accompanied by tactile and auditory sensations due to the 164 discharging of the TMS coil and controlling for these is important (Marzi et al. 1998 was composed of an incidental study phase, followed by a surprise recognition memory test. At 198 study, participants viewed a sequence of 480 words, presented one word at a time. For each word, 199 the task was to decide whether or not the word was animate or referred to the property of a living 200 entity. One of two buttons had to be pressed with the left or right index finger (responding hand 201 counterbalanced across subjects). Both speed and accuracy were stressed. A brief practice 202 session familiarized participants with the task. 203
The study sequence was divided into four blocks of 120 words. A different TMS 204 condition was administered in each block. In one of the blocks, the animacy task was performed 205 on its own, without concurrent TMS. The no stimulation baseline was assessed in a separate task 206 block rather than by interleaving no TMS and TMS trials (cf. Fifteen minutes after the end of the study phase, volunteers were told that their memory 226
for the words would be tested. TMS was not applied during the test phase. All studied words 227 were presented again, along with words not encountered previously in the experiment. For each 228 word, volunteers were asked to make an old/new recognition judgment, at the same time 229 indicating whether they were confident or unconfident about their decision. One of four buttons 230 had to be pressed with the index and middle fingers of the left and right hands according to the 231 "confident old", "unconfident old", "unconfident new", and "confident new" decision. Confident 232 judgments were always mapped to the middle finger, and old/new responses to either the left or 233 right hand (responding hand balanced across participants). Both speed and accuracy were 234 stressed in the instructions. Volunteers first received a short practice list, followed by six blocks 235 of 120 words each. At both study and test, short rest breaks were given in the middle of a block 236 and in between blocks. 237 between 4 and 9 letters in length, and had a written frequency of 1-100 occurrences per million 242 (Kučera and Francis 1967). Six sets of 120 words each were selected at random from this pool 243 with the restriction that each set had equal numbers of words denoting living and nonliving items, 244 and equal distributions of word lengths. Four of these sets were used to create a study list of 480 245 words, with the remaining two sets added to create a test list of 720 words. The study list was 246 divided into four blocks of 120 trials each, corresponding with the four TMS conditions. The 247 assignment of sets to experimental conditions varied across subjects so that each word occurred 248 as either 'new' or 'old', and in each TMS condition. Each subject received a different ordering of 249 the words. A further 30 words were selected from the word pool to create practice lists. 250
All words were presented in central vision on a computer monitor in a black Helvetica 251 font against a grey background. Words were presented one at a time for 300 ms. A neutral 252 warning stimulus (an exclamation mark) was presented 500 ms before each word for 400 ms. 253
There was a 100 ms blank period between the offset of the warning stimulus and the onset of the 254 word. At study, the time in between the onset of a word and the onset of the next warning 255 stimulus varied randomly between 2 and 3 s. At test, the variation was between 2.5 and 3.5 s. was used to find those locations whose stimulation would direct the maximum field intensity to 278 the two prefrontal locations. These locations were marked on a tight-fitting elasticated cap, 279 which volunteers wore throughout the experiment. The location of the control site, the vertex, 280 was also marked on the cap. This site was measured by taking the midpoints of the distance 281 between the nasion and inion and the left and right pre-aurical points (Jasper 1958). 282
The TMS coils were positioned at the designated scalp locations. Coils were replaced and 283 cooled every 60 trials to prevent overheating. TMS intensity was initially set at 120% of motor 284 threshold (the lowest stimulus intensity at which 2 out of 3 monophasic TMS pulses to the right 285 primary motor hand area produced a minimum finger twitch in the contralateral hand). Intensity 286 was then lowered until stimulation was comfortable enough to complete the experiment. A 287 minimum level of 50% of maximum stimulator output was required to participate in the study. 288
Intensity varied between 50 and 60% of maximum output across volunteers. The TMS coils were 289 held such that the handle pointed downward during stimulation of the prefrontal sites, except for 290 four volunteers, who claimed discomfort with that orientation. For those volunteers, the angle 291 was adjusted until the block could be completed. In the vertex condition, the handle of the coil 292 was placed parallel to the interhemispheric fissure. cannot be attributed to discomfort associated with prefrontal TMS, rather than the disruption of 298 prefrontal activity, we asked volunteers to rate their level of discomfort after each TMS 299 condition on a 5-point scale. The average rating associated with stimulation of the left prefrontal 300 cortex was 3.6 (range 2-5) and that with the right cortex 3.5 (range 1-5). Stimulation of the 301 vertex was always completely comfortable (1). Across-subject correlations between these 302 discomfort ratings and the size of prefrontal TMS-induced effects (performance differences 303 between prefrontal and vertex stimulation) did not reveal any significant correlations for study or 304 test performance. Thus, there is no evidence to suggest that discomfort can account for the 305 observed differences in performance (see Results). 306 307 Analysis procedures. TMS-induced effects were evaluated for performance in the study task 308 and performance in the later recognition memory test. Two types of analysis were carried out: 309 one to assess differences across the four TMS conditions, and another to assess differences as a 310 function of time of stimulation. Note that these questions cannot be addressed simultaneously 311 with an omnibus test as TMS condition and time of stimulation were not fully crossed (i.e. the no 312
TMS condition did not involve stimulation at any point in time). 313
The first analysis compared performance across the left anterior IFG, right anterior IFG, 314 vertex, and no TMS conditions to assess specific and nonspecific effects of TMS. Values were 315 collapsed across time of stimulation, and entered into repeated measures analyses of variance 316 (ANOVA), incorporating the Greenhouse-Geisser correction for violations against sphericity.
hypotheses. The presence of nonspecific effects was evaluated by contrasting performance across 319 the no TMS and control site (vertex) conditions. Effects specifically related to disrupting activity 320 in prefrontal cortex were established by comparing performance across the three conditions 321 involving TMS. Given the primary interest in left prefrontal cortex, performance after TMS to 322 this region was contrasted with performance after (i) vertex stimulation to establish a causal role 323 of left prefrontal cortex in memory formation, and (ii) right prefrontal stimulation to establish the 324 roles of the two hemispheres. Note that TMS to the vertex provides a stricter control than the no 325 TMS condition to assess effects of prefrontal TMS because it controls for non-specific effects of 326 the TMS procedure. 327
The second analysis was directed at the time course of prefrontal cortex. Differences as a 328 function of the instance at which TMS was administered (350, 750, or 1150 ms) were evaluated 329 with repeated measures ANOVAs contrasting performance at each time point across the three 330 TMS sites. Reliable differences were localized with post-hoc comparisons (Bonferroni-corrected 331 t tests). 332 Performance in the study task was indexed by how fast and accurately living/nonliving 333 judgments were made. Response times were computed as the mean across all correct responses. 334
For memory performance, two-high threshold theory (Snodgrass and Corwin 1988) was used to 335 compute measures of recognition accuracy (Pr) and response bias (Br). Pr refers to the difference 336 between the proportions of hits and false alarms, and Br to the proportion of false alarms divided 337 by (1-Pr). Because there was only one false alarm rate, comparing Pr across conditions gives 338 identical results to comparing absolute hit rates. Pr and Br were computed both irrespective of 339 the confidence with which judgments were made, and for confident responses only. Note thatCreelman 2005). Recognition performance is reported across all studied words. The same results 342 were obtained when the analyses were restricted to correct study trials. 343 344
Results 345
Study task performance. Table 2 lists the speed and accuracy of living/nonliving judgments 346 during the study task. On average, judgments took 647 ms and were correct on 87% of trials. 347 Table 4 . The speed with which words were recognized was not affected by the TMS condition 371 under which words were encoded, or the time at which stimulation occurred (all p > .20). 372
However, the accuracy of discriminating between old and new words differed significantly 373 across the four TMS conditions (Figure 3 and Table 3 ). Collapsed across confidence, the analysis 374 to establish non-specific effects of the TMS procedure indicated that words were more likely to 375 be correctly judged as old following stimulation of the control site rather than the no TMS 376 baseline. In contrast to the study data, recognition accuracy was further affected by the specific 377 disruption of activity in left prefrontal cortex. Pr was significantly lower following stimulation of 378 the left IFG as opposed to the control site. Pr did, however, not differ between TMS to the left 379 versus right IFG. 380
Not only recognition accuracy, but also response bias, differed across TMS conditions 381 (Figure 3 and Table 3 ). Volunteers' willingness to respond 'old' to an item showed the same 382 variations as Pr. Again, significant differences occurred between the control site and no 383 stimulation conditions, and the control site and left IFG conditions. The former indicated a non-384 specific TMS effect on the likelihood of 'old' judgments, and the latter that 'old' judgments were, 385 in addition, less likely following specific disruption of the left IFG relative to the control sitecondition. Br did not differ between the left and right IFG conditions. When the analyses were 387 restricted to confident recognition judgments, the same patterns of Pr and Br were observed. 388
However, in that case they failed to reach significance (p > .09). 389
The time at which TMS was applied during the study phase did not affect Pr or Br, 390 regardless of whether or not responses were collapsed across levels of confidence. respond 'old' to words in a recognition memory test performed 15 min later. The ability to 404 discriminate these words from information not encountered in the experiment was also reduced. 405
These effects were observed relative to stimulation of the vertex control site, which provides a 406 stricter control for non-specific effects of the TMS procedure than the no TMS baseline. 407
The decrease in recognition accuracy implies that the representations of words created 408 while prefrontal activity was disrupted were more difficult to access than those of other words. The present data not only show evidence of specific effects of disrupting activity in 459 prefrontal cortex, but also of nonspecific effects associated with the general TMS procedure. 460
Study as well as test performance differed between the no TMS and control site TMS conditions. 461 Memory performance following prefrontal stimulation, however, did not differ from that 473 following no TMS. In both cases, performance was lower than that following control site TMS. 474
Or, in other words, control site TMS seemingly enhanced later memory performance. This 475 counterintuitive pattern can be accounted for by the combined influence of increased attention 476 during encoding owing to the general TMS procedure, and a selective encoding deficit caused by 477 prefrontal stimulation. For prefrontal TMS, the memory enhancement caused by the increased 478 attention during the study phase was counteracted by the additional detrimental effect of 479 disrupting activity in prefrontal cortex. 480
Unlike most previous TMS studies on memory formation, we were able to assess specific 481 as well as nonspecific effects of TMS because the design included two control conditions: a no 482 stimulation baseline and stimulation of a control site. Table 1 An interesting question is whether distinct prefrontal regions contribute differently to 488 memory encoding. Although there are currently only twelve studies using prefrontal TMS (those 489 reported in Table 1 and our own), it is possible that the effect sizes in these studies suggest a 490 difference related to site of stimulation. A formal meta analysis would be premature in light of 491 the limited number of studies, each of which differs not only with respect to site of stimulation, 492 but also in terms of study task, study material, memory test, stimulation strength, time of 493 stimulation, and experimental protocol. Nonetheless, an initial analysis across those nine studies 494 that reported sufficient data to compute effect sizes showed that effect size (Cohen's d) varied 495 between around 0.2 and 1.7, with no discernible pattern related to site of stimulation or any other 496 experimental parameter. Thus, evidence for possible differences across prefrontal regions awaits 497 the accumulation of more data. 498
In the present experiment, the detrimental effect of disrupting activity in ventrolateralperformance was reduced by approximately four percent, which equates to six out of the 120 501 total words. The majority of words could thus be successfully encoded and retrieved despite 502 TMS to anterior IFG. It is important to note that there is no reason to assume that the size of an 503 effect has some bearing on its importance. There are many psychological findings that are small 504 but influential (e.g. negative priming and transfer-appropriate processing effects). Nonetheless, 505
there are several reasons why memory decrements following prefrontal TMS may be small. interactions with other regions, notably the medial temporal lobe. These regions may offset any 514 deficits in prefrontal cortex. Third, as encoding is only the initial stage of memory, any 515 disruptions during encoding may be compensated for by later consolidation or retrieval processes. 516
The final thing to note is that memory decrements were observed across all recognition 517 judgments, irrespective of the confidence with which the judgments were made. This suggests 518 that the semantic processes disrupted by prefrontal TMS are relevant for all encoding-related 519 processes contributing to long-term recognition, not just those supporting recollection. Some 520 fMRI studies find more robust effects in prefrontal cortex for items that are later confidently 521 remembered or recollected (e.g. Wagner et al. 1998b). That pattern was not observed here. It is 522 possible that recollected items carried a large proportion of the TMS effects, even though this 523 was not brought out statistically. It is also possible that, under the present circumstances, 524 disruption to left anterior IFG affects the general strength of a representation in memory. Using a 525 recognition memory test with more levels of confidence, or a source memory paradigm, will help 526 understand the type of long-term memory processes supported by activity in left anterior IFG. 527
In conclusion, the present findings strengthen the suggestion from only three previous 528 studies that ventrolateral prefrontal cortex plays a critical role in long-term memory formation 529 (cf. Floel et al. 2004; Grafman et al. 1994; Köhler et al. 2004 ). Importantly, the findings extend 530 these ideas by demonstrating that activity in anterior IFG, and the cognitive processes associated 531 with it, exert an influence between at least 350 and 1150 ms after an event has been encountered. 532
Future work should be directed at assessing whether activity can extend beyond these times, and 533 how activity in prefrontal cortex interacts with activity in other brain regions to lay down a new 534 memory. 535 536 Table 2 . Study task performance.
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Note. Values are across-subject means (s.d.). n = 15. IFG = inferior frontal gyrus. Table 4 . Recognition memory performance.
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